It is shown that steering may have an important influence on the morphology of growing films. Steering originates from long-range attractive forces between incoming atoms and substrate atoms and leads to preferential arrival of atoms on top of islands. This phenomenon is most pronounced for grazing incidence deposition and results in significantly increased roughness of the growing film. Steering, which is expected to be generally valid but has so far been disregarded in growth studies, is illustrated for the growth of Cu͞Cu(001). [S0031-9007(99) 
The evolution of nonequilibrium surfaces is a complex phenomenon, even for homoepitaxial growth systems. The emerging growth front is the result of roughening, due to the incident flux, which is counteracted by multiple transport processes tending to smoothen the surface. An important parameter in the balance between roughening and smoothing is the Ehrlich-Schwoebel (ES) barrier, which hinders downward diffusion across step edges [1, 2] . A finite ES barrier results in a roughening of the growing surfaces [3] [4] [5] [6] , i.e., to the development of mounds.
Up to now, growth models have always regarded the flux of impinging atoms as being homogeneously distributed over the surface. Possible consequences of incident flux inhomogeneity as a result of surface roughness have been neglected completely. This shortcoming is remarkable since molecular dynamics calculations by Sanders et al. [7] show substantial deflection of nonnormal deposited atoms towards the surface, starting at about 1 nm above the outermost layer. This phenomenon can simply be rationalized since the attractive well, as seen by the approaching metal atoms, is of the order of a few eV's, while their kinetic energy typically amounts to only a few tenths of an eV. Consequently, the atoms must undergo strong acceleration towards the surface. In this Letter we report an effect which we believe is the first evidence for the importance of steering for the evolving morphology of the growth front. It gives rise to a remarkable heterogeneity of the incident flux, i.e., redistribution of the incident atoms due to their morphology dependent trajectories. Because of steering, atoms arrive preferentially on protruding terraces resulting in an enhanced roughening of the growing surface.
The experiments reported here have been conducted in ultrahigh vacuum (base pressure ,10 210 mbar) using spot profile analysis low energy electron diffraction (SPA-LEED). During growth, the temperature of the desulpherized Cu(001) substrate has been kept at 250 K, while during measurements the temperature has been maintained at 100 K. The deposited copper has been sublimated from an also desulpherized Cu disk, heated from the rear by means of electron bombardment. For the data discussed here the copper atoms have been deposited at a grazing angle of incidence (80 ± from the normal) along the [110] azimuth. The homoepitaxial films have been grown at a rate of about 0.25 monolayers (ML) per minute. This deposition rate is about equal to that used in normal incidence experiments reported earlier [8] , to which we will frequently refer here.
The central piece of data in this Letter is shown in Fig. 1 : a profile of the specular beam obtained after deposition of 40 monolayers of copper on Cu(001) at grazing incidence. The fourfold symmetry, expected for the Cu(001) surface, and indeed measured after normal incidence deposition at similar conditions [8] [9] [10] [11] , is obliterated. Besides the dominant central Bragg peak two well developed facet peaks have emerged. Both peaks are positioned in the plane of incidence of the copper beam, while no clear diffraction features can be detected out of this plane. The observed diffraction pattern can be interpreted straightforwardly as resulting from growth induced parallel ripples at the Cu(001) surface, which are oriented perpendicular to the plane of incidence of the copper beam. The absence of out of plane diffraction features and the small out of plane width of the diffraction peaks suggest that these ripples are quite well defined and have an average length of about 50 nm. The two clear in-plane facet peaks correspond to well established ͕111͖ and ͕113͖ facets on the illuminated and shadow sides of the ripples, respectively.
Compared to the facets which emerge after normal incidence deposition of 40 monolayers, the facets evolving at grazing incidence deposition are much better defined; i.e., their slope distribution is much narrower. In addition, the slopes of the illuminated and the shadow sides, corresponding to ͕111͖ and ͕113͖, respectively, are both substantially steeper than the average facet orientation of (115) [8, 12, 13] obtained after normal incidence deposition at 250 K. This illustrates the enhanced surface roughness after grazing incidence deposition. We attribute this enhanced roughness to the action of a basic phenomenon that until now has been discarded: redistribution of incident flux in favor of protruding surface areas due to a steering effect, which becomes substantial already at relatively large heights above the surface.
Steering is induced by long-range attractive forces between the substrate and the approaching slow copper atoms. Thermal copper atoms, approaching the surface at typical energies of 0.15 eV, experience a long-ranged attractive well of several eV's. This gives rise to substantial acceleration towards the surface. For the flat substrate this phenomenon has initially no consequences: the incident flux remains homogeneously distributed. The copper atoms only arrive at an effectively smaller polar angle of incidence. However, as soon as aggregates start to build up, the redistribution of material becomes progressively more important. To substantiate this phenomenon for a macroscopic surface we have performed a number of trajectory calculations. Being primarily interested in a qualitative (or semiquantitative) description, we have adopted a Lennard-Jones (12,6) potential. Its parameters have been chosen such that both the copper interatomic distance as well as its cohesive energy are described quantitatively [14] . Trajectory calculations show that 150 meV Cu atoms, directed with a grazing angle of incidence of 80 ± towards the Cu(001) surface plane, do actually hit it at an angle of 17 ± . Clear deviations from the unaffected trajectories already occur at distances up to 1 nm above the outermost layer. tential energy contours show a pronounced step in the attractive potential, which extends laterally, e.g., for the 20.01 eV contour by as much as about 15 Å. Trajectory B illustrates that, due to acceleration towards the surface, the incident atoms actually hit the surface quite a long distance boundary it suddenly experiences the surface at a much smaller distance and impact is closer. Consequently, the value of d A is reduced giving rise to a local enhancement of the incident atom flux just behind the front edge of the island as illustrated in Fig. 2(b) . In fact all arriving atoms whose trajectories pass through areas of substantial distortion of the attractive potential related to the ascending step contribute to enhanced flux. They are focused onto the near step region. We refer to this phenomenon as steering. For the 1 monolayer high island [see Fig. 2(b) ] the enhancement factor amounts to about 1.6 at the front of the island and decreases to unity going further downstream on an extended island. Behind the island the density of the incident atoms is reduced, which is related to the shadowing by the island. The reduction of flux behind the island compensates the flux enhancement on top of the island as should be the case for particle conservation reasons. Note that the flux behind the island never becomes zero, which would be the case for classical shadowing without steering. For comparison, the classical situation is also drawn in Fig. 2(b) . In this case no flux enhancement on top of the island is observed: the flux missing in the shadow zone is concentrated in front of the illuminated side of the island. So we clearly obtain a redistribution of incident flux, related to steering of the atoms towards the top of the growing island. The effect being substantial already for monolayer high adatom islands strongly gains importance when the surface becomes rougher. Calculations of the normalized incident atom flux for a 3 monolayer high adstructure show enhancement factors well exceeding three. This phenomenon obviously leads to rougher growth fronts [15] , which is enhanced by the presence of a finite ES barrier. We note in addition that the range of the shadow region is much smaller for the classical shadowing case than in the presence of steering. This phenomenon contributes to improved lateral order. Indeed we observe a narrow separation distribution of the ripples in the plane of incidence [16] .
Already in the submonolayer regime the growth behavior is affected by the deposition geometry. This statement is illustrated nicely in Fig. 3 showing the specular beam profile obtained after grazing incidence deposition of about 0.5 ML. The narrow Bragg peak is surrounded by a ring, the position of which is given by the distance between the adatom islands. This quasidiffuse scattering ring has perfect rotational symmetry after normal incidence deposition [8] . In the present case of grazing incidence deposition, however, the ring intensity exhibits a clearly developed twofold symmetry. It possesses two pronounced minima, in the direction perpendicular to the plane of incidence. In fact, the development of a twofold symmetric ring is already visible after deposition of 0.3 monolayers copper. This remarkable beam profile reveals the presence of homogeneously distributed rectangular islands in contrast to the square ones growing at normal incidence. The step edges remain oriented along the close packed ͗110͘ azimuths. Approaching the energetic preference for ͗110͘ ledges is facilitated by sufficient ledge adatom diffusion at the considered substrate temperatures [17] . A comparison with calculations (kinematic approximation) indicates that the rectangular islands have an aspect ratio of about 1.05. They would have been hardly noticed with STM. The applied diffraction method is well able to distinguish this feature. The long sides of the islands are oriented perpendicular to the plane of incidence of the deposited Cu atoms.
The development of rectangular islands at submonolayer coverages turns out to provide a welcome and independent check of the consistency of the model conclusions derived above. From the fact that homogeneously distributed square islands develop during normal deposition we learn that the diffusion of copper on Cu(001) is isotropic and ledge adatom diffusion is readily active at 250 K. This implies that the evolution of rectangular islands has to be related to peculiarities connected with the grazing incidence of the copper atoms. In particular, the total step edge advance rate perpendicular to the plane of incidence has to be slightly higher than the sum of the advance rates of the illuminated edge and the shadow edge of the adatom islands. Let us consider first the situation without steering. If the arriving atoms are instantaneously equilibrated the step edge advance rate on the shadow side is strongly reduced since its capture zone receives less atoms than in the case of normal incidence. On the basis of particle conservation this feature is exactly compensated by the larger impingement rate in the capture zone of the illuminated step edge. Consequently, the sums of the in-plane and of the out-of-plane step edge advance rates are exactly equal. Since in the considered case (there is no attractive potential and atoms stick where they hit the surface) there is no reason for an anisotropic descent of atoms from the top of the adatom island, square islands FIG. 3 . Profile of the specular SPA-LEED peak acquired after deposition of 0.5 ML Cu at 80 ± with the substrate at 250 K. must develop. If, however, we switch on steering, the anisotropic shapes can be explained. Steering will lead to a redistribution of incident flux to the top of the adatom islands: flux that without steering would contribute to an upstream advance of the illuminated step edge now lands on top of the island and is partly descending across the [110] oriented ledges. This gives rise to the evolution of rectangular islands (aspect ratio ഠ1.05), which are elongated perpendicular to the plane of incidence. Estimates of the magnitude of this feature lead to values well consistent with the experimental data.
We finally note that steering should be anticipated in any growth situation. Its consequences may vary from insignificant for monolayer high islands at normal deposition to substantial at grazing incidence. Steering is expected to be stronger for metals than for semiconductors or isolators. In general, it will be strong when substrate and incident atoms have relatively high electronic polarizabilities. The well established small but nonzero ES barrier for Cu͞Cu(001) [8, 10, 11] leads to significant effects. The consequences should be even more substantial for higher values of the ES barrier, which are commonly related to close-packed [e.g., fcc(111)] metal surfaces. Summarizing, the presented grazing incidence growth experiments of Cu͞Cu(001) provide unambiguous evidence for the importance of steering for the morphology of the growth front. Steering leads to a substantial redistribution of incident flux and in fact to focusing of the incident particles onto the uppermost levels of adatom aggregates. This so far unanticipated phenomenon in epitaxial growth leads to enhanced roughness of the growth front, in particular, when the incident particles are deposited at grazing incidence. When comparing experiments mutually or to calculations the exact deposition geometry must be considered. In particular, during the emergence of growth induced facets the above discussed steering effect may become of prime importance (Ref. [8] , and references therein). Grazing incidence deposition of copper on Cu(001) leads to the emergence of highly ordered arrays of parallel asymmetric ripples oriented normal to the plane of incidence. This novel observation may well be used to structure substrates, which may subsequently act as templates for heteroepitaxial structures.
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